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INTRODUCTION

This report presents the test results from the second phase of a
continuing, government—industry study designed to obtain a comprebensive
understanding of the structure and mechanical préperties'of ice samples
obtained from multi-year pressure ridges. We are particularly interested
in thé mechanical properties of multi-year ice, as multi-year pressufe
ridges may govern the design of offshore structures in exposed areas of the
Beaufort and Chukchi Seas.

The first phase of the study included a field sampling program in the
Southern Beaufort Sea, the development of a variety of ice testing tech-
niques, and performing a total of 282 uniaxial compression, tensiomn, and
conventional triaxial tests. In Phase I, the majority of the tests were
uniaxial constant strain-rate compression tests. We were‘intefested in
determining the variation of ice strength within and between ten sampled
ridges. These tests were performed at two strain rates (10‘5 and 1073 s"l)
and two temperatures (=20 and -5°C). In addition, a‘iimited‘nﬁmber of
constant strain rate tension, constant load compression, and conventional
triaxial tests weré performed on ice samples obtained from a multi-year
floe. These tests were performed to establish our testing techniques and
procedures. The results from Phase I are given in three reports: Mellor
et al. (1984) describe the testing techniques used in the program; Cox et
al. (1984) present the test results; and Rand (In Prep) describes the
coring equipment specially developed for thié study to obtain 4 l/4—inch’

diameter core.



Ej ' In Phase II, ice samples weré again Obtéinéd from multi-year bréssure:
ridges in the Beaufort Sea and shipped to CRREL for testing. As no
significnt difference was found between the mean strength of ridges during
Phase I, sampling was restricted to four ridges to simplify the logistics.

Unlike Phase I, the tests in Phase II were divided among constant strain

rate compression and tension, constant load compression and triaxial

tests. A total of 188 tests were performed.

This report includes a discussion of the field sampling program and
E? presents the tests results of the second phase of the program. The sample

preparation and testing techniques used in Phase II bave already been

™ .

&i described in detail by Mellor et al. (1984).
o~

E; FIELD SAMPLING PROGRAM

We bad originally scheduled the field program for the:first two weeks

of April, as in Phase I. Howevef, delays associated with establisbing the

funding level of the project prevented the field operation from starting

g?
b until 14 April 1982. We were very concerned that a period of warm weather
g? would cause us difficulties, such that we would have to pack the ice sample
ad

boxes with dry ice while at the sampling sites. Fortunately this did not

occur. We were also favored with extremely good flying and working weather

(limited ice fog and light winds). This good fortune combined with the

fact that our coring systems performed extremely well allowed us to exceed
- our sampling goals and complete the program in 1O days. We wention this
good fortune to stress the point that, in planning field programs, such

optimal working conditions and system performance cannot be relied upon.




Under more typical conditions we would estimate that our field program

could have taken up to 16 days to complete.

Site Selection and Description
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During the winter of 1982, there were relatively few multi-year floes

with suitable ridges in the Prudhoe Bay area. Fortunately, we were able to

arrange for ice reconnaissance flights by Shell and Oceanographic

Services. As these flights were completed before we arrived in Deadhorse,

we were able to fly directly to the most likely locations in our area to
gselect suitable ridges for sampling. Even so, we found it difficult to

select suitable ridges as the majority of the multi-year floes were quite

small and the ridges were unimpressive. In addition, many of the ridges
p— appeared to be located on second-year ice. The ridge profiles were still

somewhat blocky and the surfaces of the undeformed floes did not show well

?%' developed melt relief. Based on last year's sampling program, we found

- that second-year ridges contain a large number of voids that are only

o

'ig paftially refilled with ice. Ice from such ridges provides relatively few
— good test specimens as it is difficult to obtain suitably long cores. We
Qi finally selected a floe north of Leavitt Island where several floes were
g} located near to each other and contained several well-rounded ridges that
- we estimated to be at least two summers.old (Fig. 1). Tbe first sampling
g? location (Ridge A) was on a thick multi4yeaf floe with lateral.dimensions
Rexud

of roughly 50 m. Although the ice had been deformed, there were no clearly

1

"delineated linear ridges. Therefore, we chose two of our sampling loca-

tions on high points and two sampling locations in swales. A sketch map

iy |

showing the general topography of the sampling area is given in Figure 2.
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Aerial view of multi-year floe, designated as Ridge A, where

first 11 cores were obtained.
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Figure 3 shows an oblique aerial photograph of the site (locatea in the
foreground). The small, one-room building (which was trapsported to the
site by helicopter) provides a sense of scale. Figure 4 shows a surface
view of the floe. The 1 to 1.5 m freeboard is evident. A total of 1l
sites were sampled at this location for a total core length of 48.70 m.
The ice at this location was generally éharacterized by a high volume of
included air as compared with the ridges that we had sampled in 198l. We
therefore decided to sample several other ridges in the vicinity to see if
they also contained large amounts of air or perhaps would prove to be
similar to the ridges we sampled during Phase I.

These ridges were found on two floes located approximately 200 m to
the north of our first sampling area. The second ridge (Ridge B) was
approximately 27 m long and was located on the smaller of theseAtwo.floes
(Fig. 53). . It is possible that these two floes were initially part of the
same larger floe, which had been split. The ice proved to be quite solid
and massive with significantly less air voids. A sketch of a profile of
ﬁhis ridge showing the location of specific core sites is given in Figure
6. Note the sharp veftical termination of the ridge on the "right-hand"”
edge of the floe. The total length of core obtained from tbis.ridge was
50,32 m.

The third ridge sampled was approximately 75 m long and was the
largest ridge on the adjoining floe. A profile of this ridge (Ridge C) is
given in Figure 7. Figure 5 shows an aerial view of this ridge (marked as
@) as well as of Ridges B and D. Ridge C, although broad, was quite

clearly defined. Figure 8 shows coring underway on this ridge. A total of
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Oblique aerial view of Ridge A samplin
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Figure 4: Surface view of Ridge A sampling’ site.
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Figure 5 Aerial view of sampling area contalning Ridges B, C, sad D.
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Sketch of Ridge
sampling sites.
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Figure 7:  Sketch of Ridge C profile showing the location of the ice
sampling sites.
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Coring operation on Ridge C.
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67.11 m éf core were obtained from this ridge for use as test speéimens.' A
- 9.53 m core was also obtained through the ridge to use in petrographic
studies.

The last ridge sample ran roughly parallel to Ridge C. Ridge D can
also be seen in Figure 5. This riége was 53.6 m in length and was clearly
delineated. Figure 9 shows the split end of the ridge where its blocky
deformed structure could be examined. The total core recovery from Ridge D
was 47.93 m.

Ip addition, 3.83 m of core were obtained from a floe which appeared
to contain undeformed multi-year ice. Figure 10 shows én aerial view of
the site. Table 1 summarizes the estimated height of the top of each core
bole above level ice (approgiate sea level). Also given is the penetration
depth (the total length cored from each hole). Table 2 gives the daily
drilling log and Table 3 pro?ides a summary of this data. THe primary ﬁart
of thé coring program was carried out with the 4-1/4 in. corer in four days
(15-18 April) with a total of 205.6 m of core recovered. The total pumber
of vertical samples obtained from this core were 439 or roughly 100 samples
per day. The total length of 12 in.-diameter core obtained was 12.79 m
which resulted in 6l’horizbntal specimens giving a grand total of 500
specimens for the season. As mentioﬁed earlier, we also obtained 8.75 m of
core for petrographic studies.

Coring Procedures

Much of the success of the field program can be credited to the
efficiency with which our coring equipment obtianed the samples. The

4-1/4 in. diameter coring augers were the same augers that were used in
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Figure 103 ’Aerial view of multi-year floe where undeformed samples were
obtained.
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Table 1, 1982 Ridgé heights and penetration‘depths.

i |

Location  Date Hole # Height Depth Height Depth Dia. " Remarks
(cm) (cm) (ft) (ft) (in.)

& RA 15 Apr 82 1 230 461 7.7 15.0 4,25
_ 2 234 384 7.7 12.6 4,25
- 3 234 473 7.7 14.3 4,25
- 4 300 581 9.8 19.1 4,25
- 5 345 454 11.3 14.9 4,25
6 300 502 9.8 16.5 4,25
~ 7 234 373 7.7 12.2 4,25
L) 8 234 373 7.7 12.2  4.25
9 234 377 7.7 12.4 4,25
& 10 503 601 16.5 19.7 4,25
5 R 11 406 327 13.3 10.7 4,25
. RB 16 Apr 82 12 203 380 6.7 12.5 4,25
— 13 203 409 6.7 13.4 4,25
| 14 249 472 8.2 15.5 4,25
= 15 218 479 7.2 15.7 4,25
16 249 473 8.2 15,5 4,25
m 17 249 482 8.2 15.8 4,25
3 18 234 473 7.7 15,5  4.25
- 19 234 396 7.7 13.0 4,25
- 20 185 361 6.1 11.8 4,25
1 21 185 427 6.1 14.0 4,25
et 22 185 354 6.1 11.6 4,25 ..
23 234 326 7.7 10.7 4,25
mn RC 17 Apr 82 24 269 624 8.8 20.5 4,25
£ 25 269 639 8.8 21.0 4,25
26 234 652 7.7 21.4 4,25
27 234 544 7.7 17.8 4,25
28 269 565 8.8 18.5 4,25
29 269 558 8.8 18.3 4,25
30 221 680 7.3 22.3 4,25
31 221 576 7.3 18.9 4,25
32 173 563 5.7 18.5 4,25 SL 163 cm/5.3 ft
33 173 470 5.7 15.4 4,25 OD 1410 cm/46.3 ft
RD 18 Apr 82 34 269 676 8.8 22.2 4,25
35 269 . 564 8.8 18.5 4,25
36 300 567 9.8 18.6 4,25
37 300 577 9.8 18.9 4,25
& 38 218 . 682 7.2 22,4 4.25
b 39 218 466 7.2 15.3 4,25
40 300 678 9.8 22.2 4,25
m 41 300 583 9.8 19.1 4,25
2 RC 19 Apr 82 42 234 404 7.7 13.3 12
‘ RC 20 Apr 82 43 173 389 5.7 12.8 12 SL 163 em/5.3 ft
44 173 323 5.7 10,6 12 "
173 163 5.7 5.3 12 "

A |
£~
)




11.9 4,25 "

46 173 364 5.7
47 173 476 5.7 15.6 4,25 "
RC 22 Apr 82 48 173 953 5.7 31.3 4,25 "
1.0 12.6 4,25 SL 53 cm/1.7 ft

RE 22 Apr 82 49 30 383
. oD 1920 cm/63 ft

. *SL
oD

Sea level below top of hole
Ocean deptbh
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i
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Table 2. Daily Core Log.
1982 Phase 1II Field Program.

Ridge Total

E} Date Location Hole # Drill used Core lengths (cm) depth (m)

4/15/82 RA 1 Blue 4-1/4 122, 108, 100, 94, 37 4,62

2 . 122, 112, 97, 53 3.84
Eﬁ 3 " 119, 115, 98, 66, 39 4,37
2 4 " 128, 102, 102, 94, 100, 55  5.81
5 " 122, 93, 91, 102, 46 4,54

6 " 126, 104, 100, 96, 76 5.02

7 " 121, 112, 95, 45, 3.73

8 " 127, 103, 105, 38 3.73

9 " 125, 106, 99, 47 3.77

10 . 127, 101, 105, 92, 105, 71  6.01

11 " 74, 48, 98, 107 3.27

4/16/82 RB 12 Plue 4-1/4 127, 105, 56, 32, 40 3,80

o 13 " 130, 91, 108, 80 4.09

14 " 115, 111, 104, 96, 46 4,72

15 " 118, 107, 106, 98, 50 4.79

16 " 119, 105, 102, 101, 46 4.73

17 . 118, 114, 98, 106, 46 4,82

18 " 121, 105, 110, 92, 45 4,73

19 . 110, 111, 102, 73 3.96

20 . 122, 104, 98, 37 3.61

21 " 121, 116, 103, 87 4,27

22 " 126, 107, 96, 24 3.54

- 23 . 121, 106, 99 3.26
Ej 4/17/82 RC 24 Orange 4-1/4 105, 113, 100, 106, 102, 98 6.24
- 25 " 128, 102, 96, 101, 99, 113  6.39
26 " 120, 114, 106, 114, 96, 102  6.52

Ef 27 . 120, 126, 120, 80, 98 5.44
L. 28 " 117, 126, 124, 100, 98 5.65
29 " 106, 109, 121, 116, 106 5.58

30 " 114, 123, 100, 123, 110, 110 6.80

31 " 121, 108, 115, 112, 120 5.76

32 - " 110, 110, 116, 110, 117 5.63

33 " 126, 107, 121, 116 4.70

 4/18/82 RD 34 Orange 4-1/4 114, 119, 111, 106, 123, 103 6.76

35 E 115, 110, 109, 120, 110 5.64

36 " 110, 117, 122, 113, 105 5.67

37 " 116, 112, 125, 114, 110 5.77

38 " 122, 111, 122, 113, 120, 94 6.82

39 " 121, 112, 112, 121 4,66

40 " 120, 123, 112, 124, 89, 110 6.78

41 " 120, 114, 122, 124, 103 5.83

4/19/82 RC 42 Blue 12" 96, 82, 100, 60, 66 4,04
4/20/82 RC 43 " 103, 80, 88, 52, 66 3.89

}EE , 4t " 94, 102, 71, 56 3.23




. 45 " 101, 62 1.63
— 46 Orange 4-1/4 120, 122, 122 3.64
4 : ‘ 47 " 121, 117, 124, 114 = 4,76
- 4/21/82 No drilling High Winds Rlowing Snow

4/22/82 RC 48 Orange 4-1/4 112, 116, 124, 113, 112, 102,
™ 46, 58, 103, 67% 9.53
} RE 49 Orange 4-1/4 114, 30, 100, 68, 66% 3.83
E.., *Denotes bottom of pressure ridge.
g
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bes ‘ ' Table 3. Summary of daily drilling.

bl : : Average core Total length of
Date Drill # Holes # Cores length (cm) core obtained (m)

% ,

”} 4/15/82 Blue 4-1/4 11 52 93 48,7

" 4/16/82 Blue 4-1/4 12 53 95 50.32

— 4/17/82 Orange 4-1/4 10 53 110 58.71

2 4/18/82 Orange 4-1/4 8 42 114 47,93
4/19/82 Blue 12 in. 1 5 81 4,04
4/20/82 Blue 12 in, 3 11 79 8.75

- Orange 4-1/4 2 7 120 8.4

5 4/22/82  Orange/Blue 4-1/4 2 13 92 13.36

- Total length of 4 in. diameter core obtained - 226.09 m

j Total length of 12 in. diameter core obtained = 12.79 m

ol Longest 4 in. diameter core obtained - 128 cm; hole no. 25
Longest 12 in. diameter core obtained = 103 cm; bole no. 43
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1981, with some important modifications. In 1981, we experienced
difficulty With the core dogs. They did nbt'grip the sample firmly to
produce a clean'break at the‘base of the core. Instead the dogs frequeﬁtly
formed long gouges in the sides of thé samplés. These gouges were of
sufficient depth such that the gouged ice could not be used for test
sfecimens. During the 1982 field season, this problem was resolved. A new
core dog was designed and fabricated to provide a more aggressive cutting
edge. An inverted imﬁact hammer was also added to give the extension rods
a sharp upward impéct. This impact both seated the dogs and caused the
core to break cleanly at the bottom of the hole. Figure 11 shows the
impact hammer in use. A third change that was made to the 4-1/4 inch
coring system included the addition of a short length of helical flighting
directly above the augers. This kept snow from packing into the top .of the
core barrel and reduced the friction when the core barrel was being removed‘
from the hole. The helical flighting can be seen in Figure 12. We
believed that this attachment allowed the drillers to obtain longer cores
ranging from 100 cm to a maximum 128 cm.

The major addition to the coring equipment in Phase II was a 12-in.
diameter coring system. Large diameter core was needed to provide-
horizontal test specimens from deep within the ridges. The auger itself
was designed to obtain 12-in. diameter samples up to 1 m in length. Simply
stated, it was an exploded version of the 4 in. auger. Figure 13 shows the
auger attached to the'winch and drive system. A commercial, gasoline post

hole digger was modified to provide the rotation and lifting requirements
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Figure 1l:

Impact hammer used to engage core dogs and break core.
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Helical flight on top of core barrel to prevent packing
cuttings above core barrel.
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Figure 13: Twelve~inch diameter core barrel.
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to operate the drill. Figure 14 shows the mobile drilling rig winching
itself up a pressure ridge.

The following procedure was used to obtéin the large diameter core and
horizontal test samples. Once the drill‘had augered approximately 1 m, the
drill was removed from the hole. A core retrieval system (Fig. 15) was
then lowered into the hole'ﬁo break and catch the core. A horizontally
mounted hydraulic cylinder at the top of the core catcher was next
activated to shear the core at the bottom of the hole. Two core dogs
located at the bottom of the catgher retained the core in the barrel as it
was lifted to the surface. The core was then removed from the retrieval
system (Fig. 16) and placed in a (log) carrier to move the core to the
horizontal sampling drill. To obtain horizontal samples, a simple drill
press was designed such that 4-1/4 in. diameter cores could be obtained
from the 12 in. core. Figure 17 shows this system in operation. The only
problem encoutered while using this system was vibration of the hdrizontal
sampling drill. This can be easily corrected by adding additional
stiffening elements to the drill frame.

The entire 12 in. drilling system was transported to the sampling site
by sling—loading the mobile frame under a helicopter. Once on the ground,
a winching system allowed the operators to maneuver the system to the
drilling location.

Core Logging Procedures

There were some differences in the core logging procedures between the
1981 and 1982 field seasons. As a result of the Phase I testing program,

we had found that some of our field measurements did not prove to be
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Core catcher used to break and retrieve 12-inch
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Removing 12-imch diameter core from core catcher.
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Figure 17: Drill press used to obtain horizontal samples from the 12-inch
' diameter core.
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particularly useful. For instance, in 1981, we took rather detailed
temperature and salinity profiles in the field. As the important tempera—

ture is the ice temperature at the time of testing, we reduced the number

of temperature measurements in the field to three or four per core in

1982, This was sufficient to indicate the general temperature profile 'in
the ice. We also reduced the number of subsidiary salinity méésurements.‘
We have found that brine drainage is not an important problem in low
salinity multi-year ice and our routine laboratory procedures include a
salinity determinagion on each test specimen.

In 1981,:We shipped large quantities of extra core back to CRREL for
use in petrogf;ghic studies. Much of this core had been damaged during
extraction when the extended core dogs gouged the core -sides instead of
cleaniy breaking the éore off at the bottom of Ehé holé. Sﬁcb core could
not be used for test speéimens. In 1982, this prbblem was resolved and

. ' . . i
very liptle damaged core was obtained. We also héd found that we were able
to save sufficient ice from each 33 cm rough—cut test specimen as collected
in the field to prepare the necessary subsidiary thin sections. Therefore,
it was not necessary to ship extra—long test specimens or to include extré
ice from each core. Samples were cut to 33 cm lengths in the field and
extra ice was not included. This resulted in a great saving in time and in

shipping costs.

Shipping and Storage of Ice Samples

The ice samples were packed in core tubes and placed in insulated
boxes. They were temporarily stored in Deadhorse and then shipped in two

consignments from Deadhorse to Boston and on to Hanover.
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‘Upoh femoval from the ice, ice cores were cut to length, catalogued,
and packed in core tubes. In Deadhorse, gaps in the core tubes were packed
with paper to proﬁectvthe core ends froﬁ damagé dué to excessive motion
during shipment. The core tubes were then placed in insulated shipping
boxes. The core shipping boxes were constructed of heavy-weight, wax-
coated cardboard with three-inch thick'styrofoam on the bottom, sides, énd

top of the container. Each box could accomodate six, meter—long tubes,

snow for packing, and dry ice for refrigeration. The shipping boxes were

kept in an unbeated trailer at ambient temperatures. As temperatures were
sufficiently cold, it was not necessary to refrigerate the samplés. No
problems were experienced‘with brine drainage.

The ice samples were shipped directly to CRREL in two consignments.
Each shipping box was packéd with two to three inches of snow and charged
with about 75 lbs of dry ice. The snow was placed}on top of the core tubes
to prevent thermal cracking of the core that‘might result from direct
contact with the dry ice. ‘

The ice samples were shipped via Alaska Internatiénal Air Cargo (AIA)
tb Emery Air Freight in Anchorage. Before each shipment 1eft'Deadhorse,
Emery reserved space on a Flying Tigers flight to Boston. In Anchorage,
Eﬁery transferred the cargo to Flying Tigers. CRREL personnel finally met
each of the Flying Tiger flights in Boston with a refrigerated truck and
transported the ice to Hamover.

Originally we have planned to store the ice in Anchorage, and then
arrange for one shipment to Hanover, as we had done in Phase I. However,

kecause of the delay of going into the field, we were not able to arrange
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for fefrigerated storage iﬁ Anchorage. The majority of the refrigerated
space is owned by fishing companies, and the fishing season had already
started. This problem acutally did us a favor‘as it forced us to ship
directly to Bdéton; a prbcedure that Wasveasier and successful. We plan to

ship all ice samples directly from Deadhorse to Boston in the future.

ICE DESCRIPTION

Before presenting the results from the different mechanial property
. tests performed in Phase II, it is appropriate to examine the test
" material. This will facilitate our interpretation of the testkresults and
make any comparisons to the Phase I data more meaningful.

In general, the ice samples collected during’Phase IT were different
from the samples obtained during Phase I. The Phase II samples had a
slightly lower density and contained more columnar ice. The average
éalinity of the samples collected during Phase I and II were eimilar.

Salinity and Density

Ice samples froeridges A, B, and C were used in the Phase II test
program. Average salinities and densities of the ice samples from these
ridges are given in Table 4. The data are grouped according to whether the .
samples were obtained from the ridge sails (above level ice) or the ridge
keels (below level ice). Average salinities and densities for each ridge
and averages for 511 the samples are also given. Phase I data are included
for comparisons.

’The test samples from the pressure ridge saile had an average salinity
of 0.8 9/00 and an average density of 0.841 Mg/m3 at —20°C. The samples

from the ridge keels had an average salinity of 1.89 ©/oo and an averge

10
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Table 4. Avérage salinity and density (-20°C) of ice samples obtained from
Ridges A, B, and C during Phase II and all ridges from Phase I.

Ridge A

. Above Level Ice

Salinity. (°/o09) 0.08+0.14
~Density (Mg/m’) 0.807%0.032

Below Level Ice

Salinity (o/og) 0.89%0.46
Density (Mg/m”) 0.877%0.024

Above and Below

Level Ice

Salinity (°/og) 0.38%0.49
Density (Mg/m®) 0.834%0.046

Phase T

Ridge B Ridge C Three Ridges

0.86x0,56 1.68%1,06 0.77%0.91
0.850+0,038 0.879+0,030 0.841#0,045

1.66+0,91 2.68%1.11 1.89%*1.16
0.888+0.018 0.894%0,018 0.888%0,020

1.29%0,87 2,29%1,19 1.34+1,18
0.870+0.035 0,888%0,024 0.865+0.042

0.71%0,57
0.875+0,032

1.56£0.77
0.899+0.018

1.26+0,82
0.891£0.026
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dénsity of 0.888 Mg/m3. The mean salinity and density of all the test
samples were 1.3 ©/co and 0.865 Mg/ms, respectively. Samples from Ridge
A had a much lower average salinity and density than the test samples from
Ridges B 'and C. This was particularly true for the samples collected from
the pressure ridge sails.

Structure

While detailed structure analyses on all the test samples will not be
performed unitl a later date, it was cléarly evident that the ice samples
collected during Phase II contained significantly more columnar ice than
the samples obtained during Phase I. It is conceivable that in Phase I we
mostly sampled highly granulated shear ridges, whereas in Phase II, we
sampled compression ridges which contained large blocké of columnar sea
ice.

Of the three ridges tested in Phase II, we have, at this time, only
exa;ined the structure of ice samples from Ridge C in a systematic manner.
A continuous core was specifically obtained from Ridge C for petrograhic
wbrk. In addition, horizontal and vertical sample pairs were obtained from
Ridge C for uniaxial compression tests. The structure of these samples was
subsequently analyzed to explain the variation of ice strength between the
sample pairs.

A detailed structural profile of the continuous core obtained from
Ridge C is presented in Appendix A. The ptdfilé was prepéred by spliciné
together photographs of vertical ice thin—-sections which were taken in
crossed polarized light. A few photographs of horizontal thin~sections are

also presented. The salinity profile and a schematic structural profile of

11
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the core are given in Figure 18, It shtould be noted that the core was

obtained through the full thickness of the ridge, 9.53 meters.

The upper 40 cm of the core consists primarily of very porous, coarse

colurnar grains. Some fine grained granular material is mixed throughout

this section. From 40 to 85 cm, the ice structure is mixed, made up of

-,

B : : ; : ' -

L] large pieces of columnar ice separated by fine granular crystals. At 85
{ﬁ cm, the core becomes 100% columanr with the direction of elongation of the
i

L

crystals 0° from the vertical. The columnar grains are medium grained and

unaligned at 85 cm. At 100 cm, the c—axes become aligned and the grain

size of the crystals increases with depth to about 180 cm where a 3 cm

-

-
2

thick band of brecciated ice is encountered. Below this band, the

direction of elongation of the coarse. columnar crystal changes to 10° from

the vertical. Conceivably, this is another block of sea ice that was

’ | i
incorporated into the ridge. This block of columnar ice centains well

defined, fine granular bands.

H

From 245 to 330 em the ice is brecciated consisting of large fragments

of columnar ice floating in a fine grained granular matrix. The columnar

) fragments are up to 10 cm in diameter. At 330 cm, the ice structure
- alternates between 50 cm thick bands of fine to coarse grained columnar ice
L

and 20 to 50 cm thick bands of fine granular, mixed granular and columnar

material. This sequence continues to about 650 cm.

At 650 cm, a 2 meter thick layer of brecciated ice is found containing

=
b both large and small columnar fragments. The remainder of the core is
mostly columnar with some fine grained granular material mixed throughout

™3

the section.
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Figure 18: Salinity profile and schematic structural profile of
continuous core from Ridge C. C denotes columnar ice;
G is granular icej; and M is mixed ice, C and G.
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About 50% of this multi-year pressure ridge core consists of columnar
ice. The rest of the core is a combination of granular ice and mixed
granular and columnar crystals. The mixed ice is predominatly breceiated.
Only about one—tbird of the petrographic ridge core studied in Phase I
contained well-defined columﬁar zones. In general, more columnar ice was
encountered in the Phase II ice sampling program. As in Phase I, samples
containing a variety of iee types were obtained and large, structure-

dependent variations in the ice mechanical properties were anticipated.

CONSTANT STRAIN RATE COMPRESSION TESTS

Test Variables

Sixty—-two constant strain-rate uniaxial compression tests were per-
formed in Phase II. The tests were conducted at two strain-rates, 1074 571
and 102 s'l, and two temperatures, =20°C (-4°F) and -5°C (23°F), to
supplement the tests performed in Phase I. In Phase I the compression

-1 and at

tests were conducted at strain-rates of 10-3 s'1 and 10-3 s
temperatures of —-20°C (~4°F) and -5°C (23°F). Unlike Phase I, tests in
Phase II were performed on both horizontal and vertical samples to assess
the effect of sample orientation on ice strength. The number of tests at
each test condition is summarized in Table 5. Details on the saﬁple
preparation and testing techniques are given in Mellor et al. (1984). The

procedure used in Phase IL were identical to those used in Phase I,

Uniaxial Compressive Strength

A detailed tabulation of the results from the constant strain-rate,
uniaxial compression tests is given in Appendix B. The average compressive

strength of the ice is plotted against strain-rate in Figure 19 and 20.

13
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Table 5. WNumber of uniaxial compression tests at different
temperatures and strain-rates.
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Figure 19: Uniaxial compression strength versus strain-rate for samples
tested at -5°C (23°F). The bars denote one standard deviation.
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Table 6. Summary of compressive strength data for Phases I and II.

I Upiaxial Compressive Strength

- Maximum Minimum Mean Mean Porosity

-~ (MPa) (1bf/in.?) (MPa) (Ibf/in.2) (MPa) (1bf/in.?)” (ppt) Samples

ks o590 (23°F)

m 10=% gl y 7.52 1090 0.47 68 2.34+1,08 340%£157 44 71

£ 10-% ¢=ly 5,52 800 1.87 271 3.07%1.23 445%179 69 9
107% s~1 H 3.87 561 1.21 175 2.35+0.74 341%108 78 10

- 10=% g~ a11  5.52 800 1.21 175 2.69%1.04 3902151 73 19

b 1073 =l vy 10.90 1580 2,39 346 6.06+1.63 879+237 46 69

o 10-2 -1y 6.42 931 2.69 390 4.67%1.17 677%169 68 9

g? -20°C (=4°F)

h 10-5 ¢~ly 4,26 617  1.17 170 2.79%0.69 404100 36 41

- 10°% =l v 12.73 1846 3.34 485 6.173.10 894450 50 13

| 10-% ¢~l m 7.02 1018 1.68 243 3.74%1.67 543%242 33 12

o 10-% =1 a11 12.73 1846 1.68 243 5,00+2.,70 725%392 42 25

- 1073 ¢~y 12.68 1838 7.03 1020 9.63%1.39 1396202 39 41

B 1072 sl v 10.48 1520 4,12 597 8.24+2,05 1195+297 74 9
H — Horizontal V - Vertical !
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- Figure 19 contains the results from those tests conducted at -5°C (23°F),

i and Figure 20 contains the results from those tests conducted at -20°C
o : .

(-4°F). The bars denote one standard deviation from the mean. The test
o -5 -3
bl results from Phase I at 107~ and 107" are also included for comparison.
bl .
- Average strength values from Phases I and II are listed in Table 6.
i ‘ . : ‘
8. At a given temperature and strain-rate, the Phase II strength data
{? show considerable scatter. These large variations in strength can be
i . ' '
. explained by large variations in the ice structure and porosity (Richter

73

and Cox, 1984). The strength of each specimen not only depends on the type

Reiaad
Bz

%

of ice present in the specimen, which is highly variable from sample to

';
L

sample, but also on the ice grain size and crystal orientation. Strength

variations are further increased by variations in the ice porosity.

Based on our understanding of the variation of ice strength with
Fﬂ strain-rate we would expect a power law relationship between ice strength

and strain-rate in the ductile range (Mellor, 1983)., On log—log paper,

strength versus strain-rate would plot as a straight line. The combined

average test results of Phases I and II at =5°C (23°F) do not show this

Ej tendency. The average strength of the 10™% s~! tests is lower than
™~ o anticipated. However, at —-20°C (-4°F) the 107% 57! Phase II test average
Bl - : ;
&»& s R s -5 _-1 -3 -1 .
is in reasomnable agreement with the 10 s and 10 s averages obtained

in Phase I.

Since the strength of sea ice decreases with increasing porosity, it

appears that the above observations can be explained in terms of the

average ice porosity of the samples tested at each strain-rate and

temperature. In Table 6 mean porosities are given for the samples tested

!
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at each test condition. In can be seen that at —5°C (23°F), the 10-% s-1

-1

tests have a much higher porosity than the tests conducted at 10-5 ¢ and

10-3 s-l, At -20°C (-4°F), the mean porosities of the 10-3 s'l, 10~ s'l,

and 1073 s~! are similar and the average strength values do show a power
law relationship.

In both the =5 and -20°C (23 and ~4°F) tests conducted at a

strain~rate of 10-2 s"l, there is an apparent decrease in ice strength

relative to the tests conducted at 10-3 s‘l. Weyattribute this decrease in

1

strength to the much larger porosity of the 10-2 g~ samplés.

Strength and Structure

In Phase II, the effect of structure on the compresSive strength of
multi-year ridge ice samples was fﬁrther investigated in an effort to
explain the difference in ice strength between horizontal and vertical
samples. The horizontal and vertical samples were obtained in close
proximity to one another and grouped in pairs according to sampling depth.
Each pair was tested at the same strain-rate and temperature. A total of

-1 vere examined. Of these 44

44 tests conducted at a strain-rate of 10-% s
tests, 19 tests were performed at -5°C (23°F) and 25 tests at -20°C
‘(=4°F). Tﬁetstructural analysis was similar to that described in Phase I.
Thin sections were prepared of both the tested sample and the end piéces
adjacent to the test specimen. Ice type, grain'size, and crystal
orientation were determined by studying photographs of the thin sections
taken in cross—pblarized light. Additional photographs of the test

specimen taken before and after the test were used to document the failure

characteristics of the ice.

15
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The strength, sfructure, énd porosity of tbesé sémples are given in
Tables 7 and 8. 1In these tables the vertical samples are denoted by a V
and the horizontal samples by an H. The o:z angle for the columnar sabples
is defined as the angle between the loading direction and the columns or
elongated axes of the crystals. The o:c angle is defined as the angle
between the loading direction and the c—axés of fhe crystals. The aﬁgle
measurements provided were_estimated from the thin section photographs
taken of each sémple. The ice type classification is in accordance with
‘the structural classification scheme established in Phase I. Porosity
values were calculated using the relationship given by Cox and Weeks (1983)
which related sample salinity, density, and temperature to'sample porosity.

The results of the Phase II spructural analysis were similar to the
results of Phase I. However, the different nature of the Phase II ice and
. the horizontal and vergical pairs provided an opportunity to observe
additional trends in tﬁe structure—to-strength relationship. 1In general,
the Phase II ice was more porous and consisted of more well defined colum=—

-1

nar blocks than the Phase I ice. Furthermore, the 10=% s samples,

although randomly selected, were dominated by one ice type at each test

1 ana -5°C

temperature. The majority of the samples tested at 10" g™
(23°F) consisted of mixed or brecciated ice (Type III). The specimens at
-20°C (-4°F) were mostly colummar (Type IIA).

Our observations on the structural variation of ice strength for

columnar samples tested at —-20°C (-4°F) are in agreerment with the findings

of Peyton (1966) and Wang (1979). Columnar samples loaded parallel to tbhe

16
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Sample No.

RC32-231/258V

RC43-245H
RC32-267/294V
RC33-268/295V
RC43—280H»

RC32-303/328V

RC43-316H
RC32-343/396V
RC43-357H
RC33-242/268V
RC43-257H

RC33-368/395V
RC43-381H
RC46-121/147V

RC44-128H

Table 7. Strength, structure, and pofosity of horizontal and

. -4
vertical sample pairs tested at 10 s

Strength

(1bf/in.2

863

546

661

899

708

573

342
485
597
947
541
939
867

517

255

)

Ice Type

ITA Aligned
grz=15°

ITA Aligned
0:2=90°, o:c=0°

ITA Aligned
g:1z=15°

IJA Aligned
og:z=15°

ITA Aligned'~
g:2=90°, g:c=0°

ITIB
607 Granular
40% Columnar

ITA Aligned
0:2=90°, 0:c=20°

II1

© IIIB

60% Granular
407% Columnar

IIA
g:z=20°

IIA Aligned

0:2=90°, g:c=0°
IIT

11T v

IIIB 50% Granular

ITA Aligned
c:c=35°

Averagé Grain
Size (mm)

30%x15

30x7

42x20

25x12

30x10

Granular <1

60%x20

CGranular <1

45x15

30x15

Granular <1

48x22

and =20°C (-4°F).

Porosity (°/o0)

46.2
29.9
42.1
24.0
38.5

64,1

(o' W

29.
88.5
58.7
30.1
24,4

4046
31.0
72.1

28.4
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RC46-173/199V

RC44-186H

RC46-276/303V

. RC44-299H

RC47-090/116V

RC44~-103H

RC44~-116H

RC47-127/153V

RC44-141H

RC47-302/329V

493

1018

629

609

1798

505

243

1846

287

875

I1IR 60% Granular

IIA Aligned
0:2=0°, 0:c=90°

I1IB 607 Granular
ITIB 70% Granular

ITA Aligned
ogrz=0°

ITA Aligned
0:2=90°, 0:c=0°

IIA Aligned
0:z=90°, 0:c=35°

IIA Aligned
0:z=90°

ITA Aligned
0:2=90°, 0:c=35°

Type III:
Top III
Middle-Bottom IIA

"Aligned 0:2=0

Granular <1

50x18

Granular <1
Granular <1

35x10
40x12
40x12
45%10

45%x12

65%x20

70.4

31.6

68.7
48.9

41.0
34.8
25.3

36.0

16.6

23.5
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~Sample No.

RC32-133/160V

RC43-150H

RC33-205/232V

RC43-222H

RC46~047/073V

RC44-073H

RC44=060H

RC46-083/110V

RC44-086H

Strength
(1bf/in.

2)

Ice Type

330

386

478

402

362

326

227

800

390

ITIIR
507 Granular
50% Columnar

I1IB
80% Granular

TYPE IILR:

Top II Aligned
o:z=0°

Middle I (30%)
Bottom ITA
0:1z=20°

11T
70% Granular

30% Columnar

TYPE IIIB:

- Top—Middle IIIB

70%Z Granular

Rottom IIA Aligned

o:z=10°

IIIA

20% Granular
80% IIA .
g:2=90°

ITI

607% ITA Aligned
0:2z=90°, g:c=55°
40% IIIB

I1IA

90% IIA Aligned
0:z=0°

10% Granular

ITA Aligned
0:2=90°, 0:c=90°

Avefage Grain
Size (wm)

Granular <1

Granular (<l

- 50%x10

<1

20x6

" Granular (I

30x10

Granular <1

Columnar 25x10

28x7

35x12
<1

30x10

° Table 8. Strength, structure, and porosity of bhorizontal and

vertical sample pairs tested at 107" s~ ! and -5°C (23°F).

Porosity (9/o00)

78.8

104.0

70.6

60.4

63.3

86.2

127.7

66.7

25.8
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= RC46-147/173V 271 IIA Aligned 30x8 | 69.7
o:z=25°

gg | - I o . ,

e RC44—-156H 175 11TA " 45x12 54,0
907 IIA Aligned

o ‘ 0:2=90°, g:c=30°

. RC46-246/272V 446 ITTA o 30x10 76.5

- , 90% IIA Aligned

f% ‘ g:z=5°

RC44~256H 271 IIIB ‘ 56.4

@_ 30% Granular Granular <1

- RC47-025/053V 322 TYPE IIIB: 5015  81.8
Top ITA Aligned
0:2=90°
Middle I (20%) <1

Bottom II-Aligned 25x%8

%}, , _ 0:2=90°

RC45-040H 306 IIIA 22x10 | 42.2

s Vertical crack
3 ‘ 90% IIA Aligned
e 0:2=90°, 0¢:1¢=75°
Tg RC47~191/217V 669 IIIA 35%10 50.2
b ' 90% IIA Aligned

o:z=15°
E RCLL-204H ‘ 561 IIIA ‘ 46.7
- 907 IIA
g RC47-275/302V 326 IIA Top-Middle 20x15 59,9
g .
3 ' g:z=20° Bottom 18x8

o

rn RC44-288H ‘ 366 : IIIB Granular <1 73.5
bl 50% Granular
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elongated crystal axes and normal to the c-axis were extremely strong.

NS |

Specimens loaded perpendicular to the elongated axes and parallel or normal

to the c—axis had a significantly lower strength value. As the angle

£ between the c-axis and the applied load approached 45° in these colummar

- samples, the strength decreased further. The compressive strength bf the
&j mixed and granular ice éamples tested at these conditions was cémparable’to
E: the strength of horizontal columnar samples loaded in the strong direction

bis
(0:2=90 and 0:c=0° or ¢:c=90°). The mixed and granular specimens also

ok

tended to decrease in strength as the ice porosity increased.

e

The mixed ice samples tested at =5°C (23°F) were very blocky in

nature. It became apparent that the orientation of columnar blocks within

4
B

the sample had an influence on the strength value. If the columnar ice in

R i

the sample was oriented with the elongatedvcrystal axes parallel to the

?2 load, the sample failed at a relatively high load (comparable to the
strength of a 0:2=90°, 0:c=0° loading in a columnar sample). As the angle

"

;j between the elongated axes approached 45°, the strengtb of the mixed brec-

ciated ice decreased.

The difference in strength between horizontal and vertical pairs was

4 also found to depend on the ice structure. In general, the vertical

samples had a higher strength value. At -5°C (23°F) the average strength

of the vertical samples was 30% higher. At -20°C (-4°F) the average

strength of the vertical and horizontal samples differed by 65%. The most
significant differences in strength occurred in sample‘pairs of columnar

ice.

17
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Qur observations indicate that many of the columnar ice blocks in a
multi-year ridge lie horizontally or in a near borizontal position. In
this position, large ice blocks inka ridge are the most stable.
Consequently, a substantial number of the vertically oriented columnar
samples have vertical elongation and a high strength. Horizontal columnar
samples tend to have an angle éf 90° between the long columns and the
applied load and a much lower strength. Work by Peyton (1966) bas also
shown that strength values can differ between these two loading
orientations by as much as a factor of three. Should additiomal field
studies of block orientation in first-year and mult}-year pressure ridges
show a preference for horizontal block orientation, ;t:may be justifiable
to use lower ice force values for in-plane ridge loading on structures.
Utilization of strengthkdata from vertically orientation specimens would be
conservative.

In general, sample pairs of mixed and granular ice had comparable
strength values. As many of theée samples appear to be isotropic, this is

not surprising. Some vertical samples tended to have slightly higher

strength. This may be the influence of internal columnar fragmént orienta—

tions as discussed earlier.

Strength and Porosity

The compressive strength of the samples is plotted against the total
porosity of the ice in Figures 21 through 24, The air and brine volume
equations given in Cox and Weeks (1983) were used to calculate the ice
porosity from the ice salinity, temperature, and density. As in Phase I,

there is a tendency for the ice strength to decrease with increasing

18



™3 T

B it
PEna

.

.1

Ty

7 g
[

Fial

i

it 3

G

gbm)
B onie

3

L.

il

7y

it
A ki

2000 1 T E— T T T T T T T T
T=23°F .
- £=10%s! >
(o) Vertical Samples
16001 (¢) Horizontal Samples N
—10
‘?‘E' 1200+ s
~
3
Z B .
e
o —6
& 800 o
. _
L . 4
. o
o -
400 . ° o .
[o] C o o 142
o> _lo
e o]
- L
L ]
] 1 L ! i ] ! | 1 | { i ] o}
0 20 40 60 80 100 120 140
Porosity {%oe)
Figure 21: Uniaxial compressive strength versus porosity for horizontal and

vertical samples tested at -5°C (23°F) and 107k s-1,

Strength (MPa)



7

TEreE

e

‘”"‘.‘""rv”]
et i

"7

bl |

=T
TR
[ S

.

™)

i
W

s 2o
)
& creiiai

*
3

M

-
&

1

b

§ o

i |

O

er

1

Faa
&

Strength (1bf/in2)

2000 T I T T T T T T T T I 1
T = 23°F 1
- & =102
~{12
1600 -
i ~10
12001
—8
. -
800+ . o 1°
] ® -
®
|- L
—4
L ]
400+ I
—42
] ] ] i 1 ] 1 ] ] i ] |
o} 20 40 60 80 100 120 l I48
Porosity (%)
Figure 22: Uniaxial compressive strength versus porosity for tests

conducted at -5°C (23°F) and 1072 g-1

-

Strength (MPa)



S

S

e
&

il |

ER—.

-

-

Baica

2000 l

}

T=-4°F o

- &=10% °
{o) Vertical Samples
1600 {(*) Horizontal Samples

il

i |

T
PRS-

1200~

-

800

Strength (Ibf/in2)
[ )

g
Liese

#
5
L]

o

400

foen d

A

i 1 1 | ] | ] | 1

Strength (MPa)

|
60 80 100 120
Porosity (%)

o
n
o
H
o

|

Wit

Figure 23: Uniaxial compressive strength versus porosity for horizontal
- and vertical samples tested at -20°C (-L°F) and 107% 571,

r

[



R

|

i
o

1

}

&

2000

1600

i

R
T

i

1200}

TET

"3

Strength (1bf/in?)

L

800+

S

400~

il |

1 ] ] ] ] ] ] i

182

*— _ |

I |

- T
o 2

e

T
Loe

|

g e

Figure 2L:

m M

73

O

20 40 60 80
‘ Porosity (%)

Uniaxial compressive strength versus
conducted at -20°C (-4°F) and 1072 S~

100 120

gorosity for tests

Strength (MPa)



» Trsme

T

3

. ?s"&‘g’,v-}

Bse G

1

RO

3

)

3

e

3

"y
FIE

St

RN

.

b |

%

3

e

[

73

g i
had

porosity. This trend is again most pronounced at high strain-rates, 10-2
s‘l, where flaws and cavities play a more important role in brittle ice

behavior.

Residual Compressive Strength

The uniaxial compression tests on the testing machine were programmed

to continue to 5% full sample axial strain to examine the residual strength

and post-yield behavior of the ice. The residual strength is defined as

the stress on the sample at 5% strain assuming a constant 10.16 cm (4.000

in.) diameter specimen. Average values of the residual/maximum strength
ratio of the ice samples under different loading conditions are given in
Table 9. Data from Phase I are included for comparison. The ;eSults show
that the residual strength/maximur strength ratio decreases with increasing
strain-rate and is relatively insensitive to the ice temperature and
porosity. As the strain—ra;e increases, fewer sampleé go to 5% strain énd

at 10-2 s."1 all the tests terminated at the peak or maximum stress.

Failure Strain

Average sample failure strain at the peak or maximum stress for the
different test conditions in Phases’I and II are given in Table 10. The
strains were calculated from the average of the DCDT measurements on the
sample. In general, there is a strong tendency for the sample failure
strain to decrease with increasing strain-rate. At low strain rates of
10-5 apd 107" s"l, the failure strain also decreases as the ice gets

1

colder. However, at high strain-rates of 103 and 10-2 g , the failure

strain increases the the ice gets colder. Examination of the standard

19



Table 9. Summary of residual/maximum compressive strength
o ’ ratio data for Phases I and II.

Residual/Maximum Strength Ratios

Percent to

Maximum Minimum Mean Samples 5% strain
-5°C (23°F)
F’ 5 1
P 10-5 ¢-ly 1.000 0.173 0.688%0, 166 68 96
- 10-% =ty 0.591 0.244 0.396%0.096 9 100
' 10-% s=l m 0.794 0.245 0.439+0.159 10 100
= 10-% =1 a11  0.794 0.244 0.418%0,131 19 100
b 103 =l v 0.421 0.074 0.19840.078 43 62
10-2 g=ly - - - - 0
m
i =20°C (=4°F)
- 10-5 =ty 0.970 0.315 0.642%0.162 36 88
. 10-: s—i v 0.504 0.253 0.34220,077 9 69
B 10-% s~! H 0.675 0.202 0.405+0.137 12 100
107% g1 al1 0.675 0.202 0.378%0.114 21 84
- 10-3 =1y 0.746 0.047 0.194%0,148 18 44
2 1072 =l v - - - - 0
H - Horizontal V - Vertical
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Table 10.
Maximum

_5°c

10°5 =1y 0.83
1074 =ty 0.62
107% s~ H 0.26
107 g1 a11 0.62
10703 g7ty 0.20
10-2% g=ly 0.10
-20°C (=4°F)

107° ¢l v 0.73
1074 g~tvy 0.21
10-* ¢~!w 0.14
10-; s—1 a11 0.21
1072 ¢~ v 0.25
1072 gl v 0.16

Failure Strain (%)

V = Vertical

Minimum .

0.06
0.09
0.06
0.06
0.05
0.02

0.10
0.10
0.07
0.07
0.05
0.08

Summary of compressive failure strain data
for Phases I and 1T,

Mean

0.38%0.17
0.18%0.17
0.12+0,07
0.1420.12
0.13%0,03
0.07%£0,02

0.31%0.14
0.,15%0,04
0.10%0,03
0.13%0.04
0.19%0.04

0.1240,03

Samples

71

10
19
69

41
13
12
25
41
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“ deviation of the mean strains indicate that the observed temperature trends
15 are not statistically significant.
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Strength versus strain to failure plots are given in Figures 25 and

26. At -5°C there is a positive correlation between the strength and

-1 ~1

failure strain for the IO‘f2 s tests, whereas at 10m* s , there is no

apparent correlation. At -20°C, both the 10~% and 10~2 s~! tests show a

positive correlation between the strength and failure strain.
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Initial Taﬁgent Modulus

3

Estimates of the initial tangent modulus were obtained from the

TEE
e st

initial slope of the force—displacement curves using the same procedures as

3

[ e

in Phase I. The results are plotted against strain-rate in Figures 27 and

28 and listed in Table 1l. Modulus values from Phase I are inciuded in

fsci ov 3 3
P
Roniong

both tbe figures and table for comparison. The initial tangent modulus is

plotted against the ice porosity for ice temperatures of ~5°C and -20°C in

R

&

Figures 29 and 30, respectively.

—

v ,

o It is interesting to note that the initial tangent modulus approaches
- the "dynamic” Young's modulus of the ice at a lower strain-rate in the

i '

£ colder -20°C tests. Furthermore, at a given strain-rate and temperature

there is a tendency for the modulus to decrease with increasing porosity.

CONSTANT STRAIN-RATE UNTAXTAL TENSION TESTS

w

i Test Variables

?? Thirty-six constant strain-rate uniaxial tension tests were performed
pe

bad

' on vertically oriented multi-year pressure ridge samples in Phase II. The
-

i; tests were conducted at two strain-rates, 10~5 and 1073 s71, and at two

- temperatures, —20°C (-4°F) and -5°C (23°F). The number of tests at each
i
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" Table 13, Summary of tensile stréngtb data for Phase II.

Uniaxial Tensile Strength

Maximum Mipimum Mean Mean Porosity

10-5 s"1 v
10-3 s"1 \

V - Vertical

(MPa) (1bf/in.2) (MPa) (1bf/in.2) (MPa) (1bf/in. %) (ppt) Samples
1.03 149 0.57 82 0.82%0.17 119+24 78 9
0.83 120 0.41 60 0.61%0.16 89123 108 9
0.92 134 0.49 71 0.71%0.16 103%23 ‘82 9

9

0.92 134 0.48 69 0.75%0,16 109%23 77
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: Table l4. Summary of tensile failure strain data
for Phase 1I.

o % .
. Failure Strain (%)
T? Maximum Minimum Mean Samples
i 4 ’

. -5°C (23°F)
™ 5 -1

| 1072 s~ly 0.022 0.014 0.019+0,002 9
% 10°3 g~ly 0.013 0.007 0.010£0,002 9
:7 -20°C (=4°F)

il -
:3 ' : ; ,

103 g~ly 0.022 0.009 0.013%0.004 9

- 1073 g=l v 0.012 0.009 0.0110.001 9
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Initial Tangent Modulus

Estimates of the initial tangent modulus were obtained from the
initial slope of the force-displacement curves. The results are plotted
against strain-rate in Figures 35 and 36 and listed in Table 15. The
modulus is also plotted against the ice porosity in Figures 37 and 38.

The initial tangent modulus show a slight increase with increasing
strain-rate, and a slight decrease with increasing temperature and
porositye. -Relative to the compressive initial tangent modulus data,

variations are small.

CONSTANT STRAIN-RATE TRIAXTAL TESTS

Equipment

Conventional triaxial tests were performed on the closed—-loop testing
machine using sample preparation and testing techniques similar to those
employed in Phase I. As a result of our experience in Phase I, the
triaxial cell was modified to increase its load bearing capacity to 350 kN
(80,000 1bf) and confining pressure capacity to 24 MPa (3500 1bf/in.2).
Heavier latex membrane; were also placed around the sample to prevent
penetration of hydraulic fluid into fhe sample. A 22 kN (100,000 1bf) load
cell was provided by Shell to measure axial forces in excess of 11 kN
(50,000 1bf). The upper cylinder of the triaxial cell was also modified
such that tests could be performed at confining pressure/axial stress
ratios of 0.25 and 0.50.

Test Variables

-

A total of 55 triaxial tests were performed on multi-year pressure

ridge samples at different test temperatures, nominal strain-rates, and

22
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5 Table 15. Summary of tensile initial tangent modulus
for Phase II.
-
* : » Initial Tangent Modulus
o Maximum Minimum Mean
- (1bf/ (1bf/ (1bf/ Mean Porosity
el (GPa) in.2x106) (GPa) in.leOG) (GPa) in.2x10%) (ppt) Samples
o -5°C (23°F)
&g“,} .
1075 ¢~ v 7,59 1.100  5.42 0.786 6.3920.68 0.927%0.099 78 9
10—3 s_l v 8.32 1.207 4,25 0.616 6.,60%*1.19 0.957%0,173 108 9
-20°C (-4°F)
-
o 105 5=l v 7.82  1.134¢  4.17  0.604 6.54%t1,12 0.9490.162 82 9
b 10-3 s'1 v 8,12 1.177 6.59 0.955 7.31+#0.54 1.060+0.079 77 9
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confining pressures. The number of tests at each test condition is

summarized in Table 16. In Phase I, triaxial tests were performed on

multi-year floe samples at confining pressure/axial stress ratios of 0.46

and 0.64 at the same temperatures and strain-rates.

Synthane End Caps

During the analysis of the Phase II triaxial test data it was found

that the confined initial tangent modulus data of the ice were consistently

lower than the initial tangent modulus data of the uniaxial or unconfined

specimens. This caused some concern in that, intuitively, we would expect

the confined modulus to be greater. Any confinement should reduce the

axial displacement for a given load and thereby increase the measured
§ modulus.
E ' ) ) .
After checking our testing techniques and data reduction procedures,

it was concluded that the lower confined modulus values were due to the use

of the synthane end caps in the triaxial cell with externally mounted

displacement transducers (Fig. 39). In effect, because sample

displacements’were measured outside the triaxial cell, the synthane end
. caps became a compliant element in the otherwise stiff loadihg system. If
displacements were measured on the sample as in the uniaxial ;ests, the
synthane end caps would mnot have presented any problems.
In addition to providing low confined modulus values, the synthane end
caps and externally mounted displacement transducefs also résulted in
slightly lower ice strain—rates.

Despite the problems of using synthane end caps in the triaxial cell,

it was hoped that the true ice modulus and strain-rate could be determined

23
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ﬁ ' | Table 16.

Number of triaxial tests at different temperatures,
nominal strain-rates and confiring pressure/axial

ﬂ 4 stress ratios (0,./0,).
L
\ . ¢ /o = 0.25 g /o = 0.50
€ r' “a r’ “a
\\
T I S T 10°3 g7t | 1073 &1 107% 7! | Total
-5°C (23°F) 10V ‘ 9V 9V 28V
) =20°C (-4°F) av 9V 9V 27V
Total 10V 9v 18v 18V 55v
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Figure 39: Triaxial cell with external mounts for extensometer.
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given the mechanical properties of the synthane. Uniaxial and triaxial
tests were performed on a synthane specimen to determine the synthane
properties and equations were derived to .calculate the actual ice modulus
and strain-rate from the test results.

The uniaxial and triaxial compression tests were perfofmed on a 4.2
in.-diam., l4~in. long synthane sample at +20 and -105C. The tests were
conducted at two strain-rates, 10-3 and 10~ s~!. Confining pressure/axial
stress ratios of 0, 0.25, énd 0.50 were uéed in the triaxial tests.

Based on our experience with the triaxial cell, means for measuring
axial displacements on ﬁhe triaxial cell were improved as shown in Figure
40, The test strain-rate in the new setup was controlled with the averaged
output from two extensometers. The mounting positions of the extensometers
were also mo&ed from the upper chinder to the shaft going into the
triaxial cell. Preyioué test results indicated that the upper cylinder
rotated slightly at the beginning of a test.

From the uniaxial and triaxial tests the synthane was found to have a
modulus of 7.77 x10° lbf/in.2 and a Poisson's ratio of 0.21. The modulus
and Poisson's ratio varied little with either strain~rate or temperature.
The tests also provided a measure of the loading train deflection, 1.4x10~7
in./1bf, which showed little variation with strain-rate, confining pres-—
sure, and temperature.

Given the synthane properties and loading train deflection, it is
possible to calculate the actual test strain-rate and ice modulus. The
total measured displacement, A%y, is equal to the sum of the displace-

ments from the ice sample, Alg; the synthane end caps, A%.; and the
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Triaxial cell with two external extensometers.
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loading train; Alg:

AL = AL 4+ AL+ AL (1

s d £

Ea ot | Az ar AL AL,
7 - F T F T F (2)

where F is the applied load. From the synthane property tests; we have

1o AL
[l | -
o = = C ; (3)
m
gf where C = 1.40 x 107 in./1bf and for the two end caps

AL 2 RC

c _ _ .
3 = TE (1 2 Vck) (4)
c ¢
&3 where
m L. = end cap thickness (2 in.)
g
“ -
st A, = end cap area (13.9 in.?)
g} E, = end cap modulus (7.77x10° 1bf/in.2)
v, = end cap Poisson's ratio (0.21)

k = confining pressure/axial stress ratio (0, 0.25, 0.50)

or

—& = 372 x 107 (1 - 0.42 k) in./1bf ' (5)

To put Equations (3) and (5) into perspective, a 10-in.-long, 4-in.

by diameter ice sample with a modulus of 7.5 x 10° lbf/in.2 would deflect

m

-
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-F-S- = 10.61 x 107 (1-2 v k) in./1bf

Under uniaxial or low confining pressure, deformation of the load train and

end caps would account for about 33% of the total displacement.

By combining Equations (1), (3) and (4) and dividing by £%g, the

M

b

k. sample length, we obtain

ld - - —_—
T - T Y iEE TPVt ©
s s s cc S

=3

G

where AL./%g is the nominal strain, €,, and A /%y is the true

g? sample strain, €g. Solving for the true sample strain in terms of the
) nominal strain, we get
E?
s 20 F .
= - —t - - C ==
e, = &, T A E (1-2 vck) C 7 (7)
?ﬂ s cec s
' and by dividing by At
i
b . ) chﬁ :
~ s T TAE, TPV O ®)
oy s cc s
£
., From Equation (7) we can also obtain a relationship between the measured
E@ (Ep) and actual (Eg) confined ice modulus by multiplying by Ag/F

g? ~ where Ag is the cross—sectional area of the sample:
|
€, AS e As AS 2 2C
E“ = = == -+ (53 (l—Zka)+C] (9)
b S c C
g? or
~ 1 1 As ch
|| = = 5 - g a2y +c) (9
. ] ™ s cc
-
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The actual sample strain-rate during a test can be found from Equation

(8) where by substitution we have

e = - [3.72x1078(1-0.42 k) + 1.4x1078)F (10)

where F is the load rate in 1bf/s. At the beginning of the test F is at
‘its maximum and the actual strain-rate is at its lowest value for the

entire test:

trje
]
Fje
[}
h=2
=
(0]

At the peak stress

Frie
It

e
H

o

and

.
g
n

where o, is the peak stress and t, is the time to failure.

The actual initial tangent modulus, Eg, can be directly detefmined
from Equatién (9). Equation (7) can be used to correct sample failure
strains. |

Triaxial Strength

A detailed tabulation of the méas&fed results from the triaxial tests

is given in Appendix D. The average confined compressive strength of the



ice, o;, for each test condition is plotted againét the confining pressure
(0,=03) at failure in Figure 41. Average uniaxial compressive strength
data from Phase I is included for comparison. In making comparisons
between the unconfined and confined compressive strength data, it should be

noted that the Phase I ridge samples had a much lower porosity. Table 17

~

Eﬁ summarizes the Phase II triaxial strength data.

~ As observed in Phase I, the confined compressive strength increases
= with increasing temperature,'increasing strain-rate, and increésing con—
f? fining pressure. Due to variability of the ice structure between samples,

the data show considerable scatter. The data at 10-5 -1 suggests that

-~ -
ég failure of the ridge ice samples at low strain-rates may be described by a
4

Tresca or Von Mises yield criteria. The yield surface parallels the hydro-

stat (cy/0, = 1). This supports the observations.made‘by Jones (1982)
e - who investigated the confined compressive sérengtb of fresh water poly—

crystalline ice at low strain-rates.

Failure Strains

Average failure strains at the peak or maximum stress for each

b 9
ki confined test condition are given in Table 18. As expected, confinement
o~ reduces cracking and causes the ice to be more ductile resulting in a
= larger strain at failure. As the confining pressure increases, the failure
%3 strain is observed to increase in our range of test conditions.
V Initial Tangent Modulus
i Estimates of the initial tangent modulus were obtained from the
ey
force—displacement curves. The results are summarized in Table 19 for each
L test condition. As in the uniaxial compression tests the initial tangent

i |

g
[
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Figure b1: Compressive strength versus confining pressure for multi-
year pressure ridge samples at different temperatures and
nominal strain-rates. The bars denote one standard devia-
tion from the mean.

rm

o
il

™3



Table 18.

- ,
g;—5°c (23°F)

10-3 =1 v, 0.25

™ 1072 57l v, 0.50
£107% s~1 v, 0.50

§5—20°C (=4°F)

£

10-3 s’;1 1
o~ 10"2 s—i’ v
o107 sT0 Y

0.25
0.50C
0.50

b

3
b

@
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Summary of confined failure strain data for different nominal strain-—
rates, temperatures, and confining pressure/axial stress ratios. .
Data have been corrected for deformation of synthane end caps.

Maximum

0.97
4,98
0.87

0.55
4.97
0.89

Confined Failure Strain (%)

Minimum

0.35
0.47
0.24

0.36
0.59
0.14

Mean

0.70%0.25
1.50%1.47
0.42%0.19

0.470,07
1.86%1.79
0.570.23

Mean Porosity

Samples

(ppt)
79 10
86 9
78 9
77 9
82 9
57 9
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= Table 19.

Summary of confined initial tangent modulus data for different nominal
strain-rates, temperatures, and confining pressure/axial stress ratios.
Data have been corrected for deformation of synthane end caps.

Confined Initial Tangent Modulus

Mean
Maximum Minimum Mean Porosity
(GPa) (1bf/in.%x10%) (GPa) (1bf/in.%x10®) (GPa) (1bf/in.%x10%) (ppt)  Samples
8.41 1.219 1.38 0.200 2.78+2,24 0.403%0.325 79 9
3.95 0.573 1.31 0.190 2.,3940,.83 0.346%0,121 86 9
8.10 1.175 3.75 0.544 5.87#1.47 0.85140,213 78 9
6.25 0;906 2.49 0.361 4;6011.30 O.667i0.188 77 9
4,48 0.649 2.30 0.334 3.090.81 0.448%0,117 82 9
15.98 2.317 6.78 0.983 11.50£3,10 1,6680,449 57 9
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modulus is observed to increase with increasing strain-rate and decreasing
temperature. Confinement also appears to increase the ice modulus;
however, there are contradictory trends in the data.

Effect of Synthane End Caps on Results

The mean measured modulus, mean strength, and mean time to failure for
each of the six triaxial test conditions are given in Table 20. These
values were used to calculate a representative initial strain-rate, average

strain-rate and corrected mean modulus for each test condition. The

results are presented in Table 21.

Use of synthane end caps in the triaxial cell appears to have only a
slight effect on the actual strain-rate during the test. The greatest
error is introduced under test conditions where the ice is the stiffest,
that is, at high pressure (k = 0.50), high strain-rate (10'3 s'l), and low
temperature (~20°C). Even under these conditions, the actual and nominal
strain~rates only differ by 25%.

The calculated actual modulus values still appear to be too low when
they are compared to the modulus values obtained from the uniaxial test
specimens. This suggests that there are other displacement errors not
properly accounted for, such as closure across the end cap/upper actuator
interface. The Short Communication given in Appendix F demonstrates that
closure errors less than 0,002 in. can significantly reduce the initial
tangent modulus at the beginning of the test when displacement transducers
are not placed directly on the ice.

In future triaxial tests aluminum, rather than synthane end caps will

be bonded to the ice samples. The triaxial cell will also be enlarged to

29
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Table 20. Mean measured modulus, strength, and time to
failure values for each test condition.
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Table 21. Corrected strain-rate and modulus for
mean test data at each test condition.
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P/o = 0.25

t;l ¥ . ,

i ¢ =105 ! ; ¢ =10"3 g1
n . n

- i

w & = 8.21x10-% g1
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T = =5°C 9.66x10~6 g—1

R |

avg

=
1

3.68x10% 1bf/in.?
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e = 7.20x10~% -1
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accommodate displacement transducers capable of withstanding bydraulic

E} fluid and high pressures. The strain-rate will still be controlled by a

— pair of external extensometers, as we are interested in post-yield

%ﬁ behaviour at large sample strains. Modulus data will be obtained from
transducers on the ice.
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CONSTANT LOAD COMPRESSION TESTS

S? Test Variables
L : : . :
Thirty-five constant load compression tests were performed on verti-
52 cally oriented multi-?ear pressure ridge samples in Phase II. The tests
- were conducted at three loadsﬁfnd at two test temperatures. The number of
%g tests at each test condition is summarized in Table 22, The small load
g} tests at a stress of 0.69 MPa (100 1bf/in. %) were perforred on a specially
- | | designed pneumatic loading’jig and the larger 2.07 and 4.14 M?a (300 aﬁd
g? : 600 1bf/in.2) tests were conducted on the material testing machi%e. Samplé
;; preparation and testing techniques were identical to those used in Phase I
Eé (Mellor et‘al. 1984).

Test Results

A detaileé tabulation of the results from the constant load compres—
a sion tests is given in Appendix E. The results are summarized in Table 23
and plotted in Figures 42 through 44, The strain-rate minimum for each
curve was determined by differentiating each strain time curve. The

failure strain €5, was defined as the strain at the strain-rate minimum,

marking the onset of tertiary creep.

The strain-rate minimum of each test is plotted against the applied

. ® s
stress in Figure 42. 1In general, €pip increases as the applied stress

m
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Table 22. Number of constant load compression tests
performed at different loads and temperatures.

oy

— .
E; | T -5°C -20°C
' o . (23°F) (-4°F) | Total
g@ 0.69 MPa
B - (100 1bf/in.?2) 9 ' 9
m 2.07 MPa 8 9 17
L (300 1bf/in.?)
4,14 MPa 9 9
(600 1bf/in.?2)
Total 17 18 35
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ks
ka

.-

it B |

i |

B



=1

i

i

|- E

g

3

Frpmon
P

3

B
dus

i

Hhitdid |

™ (73

e

ey

Table 23. Summary of constant load compression
test data for Phase II.

Stress: 0.69 MPa (100 1bf/in.?)
Temperature: =5°C (23°F)
Max Min
€ ., s! 9.12x10~7  1.47x10~8
min
e (FS), % 1.28 0.18
ter S 1.01x10° 6.59%103
Stress: 2.07 MPa (300 lbf/in.z)
Temperature: =5°C (23°F)
Max Min
e ., st 1.66x107%  3.29x1078
min
e (FS), % 0.80 0.20
ter s 1.68x103 8.29
Stress: 2.07 MPa (300 lbf/in.z)
Temperature: =20°C (-4°F)
Max Min
. — ——
e ., st 3.03x10"%  3.98x1077
min
e (FS), % 1.03 0.07
ter S 4.,79x103 7.94
Stress: 4.l4 MPa (600 1bf/in.?2)
Temperature: =20°C (-4°F)
Max Min
€ ., s} 1.74x10~%  2.00x10™°
min ‘
e (FS), % 0.18 0.10
ter 1.74x101 6.75

Samples: 9

Porosity: 76.6%43.,89/00

Mean
1.62x10™7+2.85%10~7

0.67 10.29

8.05x10"#5,25x10"

Samples: 8

Porosity: 53.1%19.1°9/00

Mean
4.87%x107 26, 34x10~°

0.49 0,20

4.61x1025,75x102

Samples: 9

Porosity: 52.1%40.29/00

Mean

7.27%x10~+1,08x10~5
0.46 +0.35

2.33x1032,05x103

Samples: 9

Porosity: 60.9%40.5%/00

Mean
8.26x10™ 54, 43x10~3

0.13 $0.03

1.11x101#3,2%100
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= increases and as the test temperature increases. These trends are

rf consistent with those féund in constant strain-rate tests, supporting the

““““ ) correspondence between these two types of tests as suggested by Mellor

™

Ei (1979). The large scatter in the data is attributed to the large variation
- in ice structure between the different samples.

g The strain-rate minimum is plotted against the failure strain for each
™ sample in Figure 43. In general, émin decreases with increasing ef,

Tl

again supporting the correspondence between constant load and constant

ig strain-rate tests. The strain-rate minimum is also observed to vary
inversely with the time to failure as shown in Figure 44, This indicates

——

;j that prior to the onset of tertiary creep, the ice can be described by a

Burgers rheological model (Mellor, 1979). A Burgers model consists of a

series combination of the Kelvin-Voigt and Maxwell models. It is also

F? interesting to note that the €pjpn decreases with decreasing temperature.

CONCLUSIONS

In Phase I a large number of uniaxial, constant strain—rate compres-—

sion tests were conducted on ice samples from ten multi-year pressure

ridges. These tests were performed to investigate the magnitude and

variations of ice strength within and between pressure ridges. The

- crystallographic structure of multi-year pressure ridges was also studied
b for the first time. In addition, techniques and procedures were developed
g@ to perform uniaxial constant strain-rate tension tests, constant load
compression tests, and conventional triaxial tests. In Phase II we used
gg these testing techniques to provide data for developing constitutive laws
bl .
and failure criteria for multi-year pressure ridges. A limited amount of
. ,
E
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o —
b .
ek ice structure work was again performed to help us further characterize the
rT structure of multi-year pressure ridges and explain the variation of ice
Fod .
strength between horizontal and vertical ice samples.
? ? The combined test results of Phases I and II provide a foundation for
o developing constitutive laws and failure criteria for multi-year pressure
Lo ridges. However, before such analyses can be performed in a meaningful
L manner, we need to examine the ice structure of all the test specimens.
[ .
bord
) Preliminary structure analyses have shown that the ice structure of multi-
Ej year pressure ridge samples is bighly variable and that the structure has a
profound effect on the mechanical properties of the ice. Without charac—
2 A4 - R : . . i 3 .
ié terizing the structure of each specimen, we would be mixing numerous ice
;g, types in our analyses and we would have to contend with a large unexplained
‘&“ variance in the input data and results. Plans are therefore being made to
‘gj. ’ analyze the structure of all the Phase I and Phase II samples. Ice
" ' ‘
structure classification will also become a standard procedure in future
Ei phases of the project.
It appears that, in multi-year pressure ridges containing a large

proportion of columnar sheet ice blocks, the horizontal ice strength may be

significantly less than the vertical ice strength. This is because there

7o

bk
EST
s,

may be preference for ice blocks to lie in a near horizontal position

during ridge formation. The results of this study and those of earlier

investigators (Peyton, 1966) have shown that horizontal sheet ice samples

are significantly weaker than vertical sheet ice samples. More field

studies of the internal structure of first-year and multi-year pressure

71

o
(5559

‘ridges are needed to capitalize on this finding. Using ice strength data
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[aue]
2
st fror vertically oriented ridge specimens may be conservative in horizontal
L , .
b ridge loading problems.
£
In some respects it is difficult to combine the uniaxial cowmpression

™ .
ij test results from Phases I and II. This is hecause the Phase II samples
- contained significantly more columnar ice and were more porous. These
B
b difficulties can be remedied by characterizing the ice structure and
fﬁ porosity of each sample and, in a subsequent phase of the test program,
- .

test Phase I ice under Phase II test conditions and vice versa.
=™
- Before closing, it should also be mentioned that high temperature

tests are still needed to define the mechanical properties of pressure
o .
ij ridge keels.
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APPENDIX A

ICE STRUCTURE PROFILE OF RIDGE C CORE
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APPENDIX B

ry

CONSTANT STRAIN-RATE COMPRESSION DATA

Im

This appendix contains the results from the constant strain-rate,

uniaxial compression tests (CSC). The parameters listed for each test are

defined in Index B. CSC - 4-5 denotes those compression tests conducted at

a strain—rate of 10~ s;"1

and a temperature of -5°C (23°F), etc. The
g} sample number RC32-133/160V gives the location and depth of the sample,
that is, Ridge C, hole 32, at a depth of 133 to 160 cm. V indicates a

vertically oriented sample and H a horizontal sample.

”
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 INDEX B

Column Symbol - Description
No.
1 Gm(psi) Peak stress, or strength
2 €m(GL)(Z) Strain at o, determined by'the DCDTs
' over a gauge length of 5.5 in.
g% (4.5 in. for tension tests)
] s ' o
‘ 3 e (FS)(%) Strain at o determined by the ex-
m
tensometer over the full sample lengthb
of 10 in.
4 tm(S) Time to peak stress
5 ’ Ge(psi) Stress at end of test
6 ee(FS)(Z) Full sample strain at end of test

Bali
~

te(s) ' ‘Time to end of test
?' 8 Ei(GL)(lO6 psi) Initial tangent modulus determined
L& ' using strains found over the gauge
length
9 EO(GL)(106‘psi) Secant modulus determined using gauge

length strains

10 EO(FSZ(IO6 psi) Secant modulus determined using full
i sample strains
11 Si(°/oo) Sample salinity at test temperature
3 s s -
12 p(1b/ft>) Sample weight density at test tempera
ture
13 Vb(o/oo) : Brine volume at test temperature
g? 14 v (O/oo) Air volume at test temperature
= a
o
15 n(o/oo) Porosity at test temperature
[ s
b 16 ce/oﬁ Ratio of end to peak stress at 5% full

sample strain

17 Ice squareness (in.) Sample squareness departure after ends
' are milled

B

Ef

18 End cap squareness (in.) Sample squareness departure after end
caps are mounted

19 Shim (in.) Amount of shim stock inserted between
]
Eﬁ , ; low end of sample and actuator before
i testing
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APPENDIX C
3 |
£
- CONSTANT STRAIN-RATE TENSION DATA
[ e
P This appendix contains the results from the coastant strain—rate,
i uniaxial tension tests (CST). The parameters listed for each tests are

defined in Index B, CST-3~5 denotes those tension tests conducted at a
strain-rate of 107° s7  and a temperature of -5°C (23°F) etc. Tension
sample numbers are defined in the same manner as compression sample
numbers. '
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APPENDIX D

TRIAXIAL TEST DATA

i

s
B

This appendix contains the results from the constant strain-rate
triaxial tests (TRI). The parameters listed for each test are defined in
Index B. As no displacement transducers were placed directly on the
sample, the initial tangent modulus data given in Column 8 is based on the
full sample strain. The strain and modulus data are measured values and
have not been corrected for deformation of the synthane end caps. Correct-
ed data are given in the text. TRI-3-5/.5 denotes those tests conducted at
a nominal strain-rate of 107 s“l, a temperature of -5°C, and a confining
pressure/axial stress ratio of 0.5, etc. Triaxial sample numbers are
defined in the same manner as compression sample numbers.
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APPENDIX E
CONSTANT LOAD COMPRESSION DATA.

This appendix contains the results from the constant load compression
tests. Most variables have been defined in Index B, with the féllowing
exceptions: ¢ is tEe applied stress on the sample; émin (FS) is the
strain-rate minimum determined from the full sample displacement, éf.(FS)
is the full sample strain at the sttain-rate minimum or failure, t¢ is

the time to failure, and ée (FS) is the full sample strain-rate at the

~end of the test.
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STATIC DETERMINATION OF YOUNG'S MODULUS IN SEA ICE
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SHORT COMMUNICATION

COLD REGIONS SCIENCE AND TECHNOLOGY

STATIC DETERMINATION OF YOUNG'S MODULUS IN SEA ICE

Jécqueline A. Richter-Menge
Cold Regions Research and Engineering Laboratory
Hanover, N.H. (USA)

Numerous tests are being performed at the Cold Regions Research and
Engineering Laboratory in Hanover, New Hampshire, to determine the mechani-
cal properties of arctic sea ice. By far the most difficult measurement to
obtain accurately has been the initial tangent modulus, given by the force
displacement curve and interpreted as Young's modulus. The purpose of this
communication is to re-emphasize a warning by Mellor (1983) that a reliable
initial tangent modulus cannot be detefmined unless axial strain
measurements are made directly on the test sbecimen.

In unconfined uniaxial constant-strain-rate compression tests, we
successfully determined the initial tangent modulus by mounting direct
current displacement transducers (DCDTs) directly on the ice sample (Mellor
et al., in press). Two DCDTs were located in the center portion of the
sample, measuring the axial displacement over a gauge length of 5.5 inches
(14 cm). The output of the transducers.was averaged and recorded on an x-y
plotter and strip chart. An extensometer was also used to measure
full-sample axial displacements and to provide a control signal for the

closed-loop testing system. This extensometer, mounted between the bonded
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end caps of the sample, measuréd displacements over a length of 10 inches
(25.4 cm). The ice—mounted DCDTs were not used to céntrol the strain rate
because each test was designed to measure force—~displacement charac-
teristics to 5% full sample strain. At these large strains the sample
undergoes gross deformations, making the readings from the DCDTs unreli-
able. Measurements from both the DCDTs and the extensometer were reliable
to * 0.5%Z of the reading for axial displacements greater than 0.0001 in.
(2.56x10~% mm). The axial strain measurements recorded by the DCDTs and
the extensometer agreed very well up to peak load. The initial tangent
modulus value was determined for each test using the initial slope of the
force~displacement curve as recorded by the average of the DCDT measure-
ments. Using the tangent modulus, we defined a Young's rodulus which, on
an average, agreed quite well with previous results (Cox et al., in press).
We were also interested in investigating the effect of confinement on
the compressive behavior of sea ice. This included the influence that
confinement might Have on the initial tangent modulus. A conventional
triaxial cell, pictured in Figure 1, was developed for maintaining a
constant ratio between the applied axial stress and the confinihg pressure
(0y > 0y, 033 0y = O3; 0p/0; = constant). On-ice axial displacement
measurements were complicated by the fact that the ice sample was to be
completely immersed in a high-pressure fluid. Cdnsidering the favorable
agreement between the full sample (extensometer) and on—ice (DCDTs) axial
displacement measurements in the uniaxial tests,.we felt that a feasible

alternative would be to measure the full-sample strain externally.
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This alternative meant, however, that‘the fecorded displacements would
include ice end gffects, end cap compression; and closure across an inter-—
face. The end cap compression was minimized by using alumiﬁum end caps,
which were very stiff relative to the ice. The interface of closure
occurred between the loading piston and the top end cap of the sample. At
this interface, we often had an imperfect contact due to a lack of
parallelism in our machined samples. To correct for any lack of square-
ness,kwe measured the varlation in sample heigbt by runniﬁé a comparator
around the perimeter of the top end cap. Steel shimstock of the required
gauge was then placed at the low point of the top end cap. Earlier evalua-
tion of the uniakial compression tests indicated that the use of shimstock
was an effective means of compensating for the machining error.

It was still necessary té test the reliability of the external
measurement more thoroughly. A series of three uniaxial compression tests
was performed on ice samples at -10°C. Two of the samples were tested at a

0-6 s“l, and one was tested at a rate of

constant strain rate of 7.14xl
7.14x10-" s=1. Thne ice samples were instrumented with DCDTs and an exten-
someter as described earlier. In addition, a pair of extensometers was
mounted between the loading ram and tbe top end cap as shown in Figure 2.
These extensometers were 180° apart, with one extensometer located at the
low point of the upper end cép. - Axial displacement measurements were
recorded by the DCDTs mounted on the ice sample, the extensometer mounted

between the bonded aluminum end caps, and the extensometers mounted across

the shimmed interface. A comparison was then made of the initial portion
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Test configuration to determine effect of closure.

Figure 2
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of the force-displacement curves using 1) the DCDT butput and 2) the full-
sample extensometer output plus the displacement measurement across the
shimmed interface. The latter curve simulated the axial displacements that
would be obtained uéihg the externaily mounted extensowmeters on the
triaxial cell.

The results are presented in Table 1, and Figure 3 shows a representa-—
tive pair of curves. The initial tangent modulus values reported in Table
1 were defined by the initial slope of the recorded forceiaisplacement
curve. E;(GL) represents the modulus value determined using the axial
displacement measured by the ice-mounted DCDTs, and Ej(FS+P) is the
modulus value determined using the full-sample and interfacial displace-
ments. The percent reduction indicgtes the effect that external measure-—
ment techniques would have on the modulus value. The squareness value
denotes the comparator reading§‘on each sample and hence the shimstock used
to.correct for machining error. It is apparent that while the displacement
across the shimmed interface is small, it is significant during the initial
portion of the test, where displacements in the ice are also small. If we
used the externally mounted extensometers in the triaxial tests, we could
expect the initial tangent modulus value to be reduced to as much as one
half the value that would be obtained in a uniaxial compression test on the
same sample. As the axial force increases, the ice displacement continues
tb increase while the displacement across the shimmed interface remains
constant. Therefore, the closure has a significant influence only during

the initial portion of the test. Measurement of the displacement between
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Table l. Test results.
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Figure 3a: Force-displacement curve for Sample 12B,
T = -10°C, e = 7.1k x 1076 571,
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the loading ram and the top end cap indicates that the shimstock reduces
the net closure at this interface to less than 0.002 inches.

These tests do indicate that displacement measurements made on the ice
itself are necessary for reliably determining the initial tangent modulus,
and hence Young's modulus. As a result of this study, modifications will
be made to our triaxial cell so that it can)accomodate an instrumented
sample. Displacement transducers that can withstand high pressures, low
temperatures and immersion will be used to measure the axial strain. These
transducers will be mounted on the ice and the electrical signals that they
transmit will pass through bulkhead connectors located in the cell wall.
Once these changes have been completed, tests will be performed on ice

samples to demonstrate the reliability of the displacement measurements.

ACKNOWLEDGEMENTS

The author is grateful to Mr. David Cole, br. Gordon Cox and Mr. Glenn
Durell for many helpful suggestions. This work was supported by the U.S.
Army Cold Regions Research and Engineering Laboratory, In-House Laboratory
Independent Research (ILIR) DA Project 4A161101A91D, Work Unit 412,

Triaxial Testing of Sea Ice.



REFERENCES

Cox, G.F.N., J.A. Richter, W.F. Weeks, M. Mellor and H.W. Bosworth (In
press) Mechanical properties of multi-year sea ice, Phase I: Test
results. U.S. Army Cold Regions Research and Engineering Laboratory,
CRREL Report.

Mellor, M. (1983) Mechanical behavior of sea ice. U.S. Army Cold Regions
Research and Engineering Laboratory, Monograph 83-1.

71

Mellor, M., G.F.N. Cox and H.W. Bosworth (In press) Mechanical properties
of multi-year sea ice: Testing techniques. U.S. Army Cold Regiomns
Research and Engineering Laboratory, CRREL Report.




